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ABSTRACT: Synthetic micro-nanomotors fueled by glucose are highly desired for numerous 
practical applications due to the biocompatibility of their required fuel. However, currently all of 
the glucose-fueled micro/nanomotors are based on enzyme-catalytic driven mechanisms, which 
usually suffer from strict operation conditions and weak propulsion characteristics that greatly 
limit their applications. Here, we report a highly efficient glucose-fueled cuprous oxide@N doped 
carbon nanotube (Cu2O@N-CNT) micromotor, which can be activated by environment-friendly 
visible light photocatalysis. The speeds of such Cu2O@N-CNT micromotors can reach up to 18.71 
m/s, which is comparable to conventional Pt-based catalytic Janus micromotors usually fueled 
by toxic H2O2 fuel. In addition, the velocities of such motors can be efficiently regulated by 
multiple approaches, such as adjusting the N-CNT content within the micromotors, glucose 
concentrations, or light intensities. Furthermore, the Cu2O@N-CNTs micromotors exhibit highly 
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 2 
controllable negative phototaxis behavior (moving away from light sources). Such motors with 
outstanding propulsion in biological environments, and wireless, repeatable, light-modulated 
three-dimensional motion control are extremely attractive for future practical applications. 
KEYWORDS: micromotors, glucose, visible light, Cu2O, N-CNTs 
INTRODUCTION 
Artificial micro/nanomotors are tiny objects that can autonomously move under the influence 
of an appropriate source of energy, such as chemical fuels,1, 2 magnetic field,3, 4 electrical field,5, 6 
ultrasound,7, 8 or light9, 10 etc, and hold considerable promise for diverse future applications. 
Catalytic nanomotors are one of the most attractive types of micro/nanomotors which can convert 
local chemical fuel in solution into mechanical work, and they exhibit outstanding potentials in 
various fields, ranging from environmental remediation11, 12 to biomedical applications.13, 14 
However, most self-propelled systems reported so far, such as metallic nanowires,15, 16 
microtubular microrockets,17, 18 Janus micro-spheres,19, 20 and supermolecule-based nanomotors,21, 
22 require toxic chemical fuels (H2O2, I2, Br2, N2H4), greatly limiting their practical applications. 
As a result, efficiently operating artificial micro/nanomotors with biocompatible fuels in order to 
broaden their practical applications is still a great challenge in nanotechnology. Glucose, 
abundantly present in biological environments, could be an ideal biocompatible fuel candidate. 
However, all of the glucose-fueled micro/nanomotors reported previously are powered by enzyme-
catalyzed glucose oxidation, which usually requires strict operation conditions and exhibits weak 
propulsion.23, 24 Therefore, in order to expand the applications of glucose-fueled micromotors, 
improving their propulsion has become critically important.            
Photocatalytic decomposition of glucose is an important and efficient approach which has 
been widely used in various glucose-related research, including biosensors,25 hydrogen 
evolution,26 and self-monitoring of blood glucose.27 In light of this, we propose using 
photocatalytic reactions instead of enzyme-catalytic reactions to decompose glucose and further 
convert the chemical energy of glucose to mechanical energy of micro/nanomotors. Considering 
the balance between maintaining a biocompatible operation environment and the efficient 
propulsion of micro/nanomotors, visible light is the best choice as the activated condition. Cu2O 
is a well-known photocatalyst with excellent photocatalytic activity. Owing to its narrow band gap 
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 3 
of 2.17 eV, it can be activated under visible light (700 nm),28 making it an ideal material for the 
photocatalytic degradation of glucose. In general, under visible light, charge separation is 
generated within Cu2O, and since the electrons are in an unstable state, they easily recombine with 
holes, which reduces the photocatalytic activity of Cu2O. In light of this, we choose nitrogen-doped 
carbon nanotubes (N-CNTs) to solve this deficiency of plain Cu2O. A classic carbon material with 
immense importance owing to its excellent electrical properties, N-CNTs have been widely applied 
in energy and catalysis.29 By doping N-CNTs into photocatalysts, carbonaceous species are formed 
on the surface of photocatalyst, which facilitate electron transfer and greatly reduce the charge 
recombination, thus further improving the photocatalytic efficiency.30 As a result, N-CNTs doped  
Cu2O shows great potential for preparing microrobots based on the clean energy sources of visible 
light and glucose and for improving the propulsion of such motors. 
In this paper, we propose an excellent micromotor based on Cu2O@N-CNTs driven by the 
photocatalytic reaction of glucose. These new Cu2O@N-CNTs micromotors display efficient 
propulsion (as high as 18 m/s) in a fully green environment: a glucose solution under visible 
light (Figure 1A). Under the same light illumination, such photocatalytic micromotors exhibit 
substantially more efficient proplusion in a glucose evironment than that without glucose fuel 
(Figure 1B and C). In general, most of chemical fuels which can give micro/nanomotors strong 
propulsion are usually highly toxic, however, biocompatible fuels usually generate weak 
propulsion for micro/nanomotors.31 This work is the first to demonstrate that glucose-fueled 
 
Figure 1. (A) Schematic of the Cu2O@N-CNTs spherical micromotor in a glucose solution under green light. 
(B) The trajectory over 3 seconds of Cu2O@N-CNTs micromotors without glucose and (C) after adding 20 
mM glucose respectively under visible green light (taken from Video S1). Scale bar: 10 m 
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 4 
micromotors can also exhibit efficient propulsion comparable with that of classic Pt-based Janus 
catalytic micromotors fueled by toxic H2O2.
32 In addition, it is also the first demonstration of using 
photocatalytic decomposition of glucose to efficiently propel micro/nanomotors. Unlike 
previously reported glucose oxidase-based micro/nanomotors, these outstanding Cu2O@N-CNTs 
micromotors with attractive photocatalytic propulsion, simple preparation procedures, fully green 
energy requirement and tunable light-controlled characteristics hold great potential for future 
practical applications. 
EXPERIMENTAL SECTION  
Synthesis of Cu2O@N-CNTs micromotor. The synthesis of N-CNTs was based on previous 
reports33, 34 and 0.012g of N-CNTs was dispersed in 100 ml of ethanol (Damao Chemical Reagent 
Factory) and ultrasonically pretreated for 24 hours. 0.2g copper acetate (Aladdin #C105398) and 
0.4g SDS (Acros #151-21-3) were added into a round bottom flask with 8ml water, followed by 
addition of 2.5, 4.2, 5.8, 7.5 ml of ethanol dispersion containing N-CNTsand 5.5, 3.8, 2.2, 0.5 ml 
of ethanol, respectively. In the oil bath, when the temperature reached 73 °C, 0.28 g of sodium 
hydroxide (Tianjin ZhiYuan Reagent Co, Ltd) and 0.24 g of glucose (RichJoint Chemical) were 
added, and the reaction was carried out for 30 minutes. The resulting brick red precipitate was 
washed with DI water (18.2 MΩ·cm) for 5 times, and dried at 60 °C in vacuum. Finally, Cu2O@N-
CNTs micromotor (diameter: 1 to 1.5 µm) were obtained.  
Motion calibration experiments. To determine the relationship between the active motion of 
Cu2O@N-CNTs micromotor and light, we used the ND Filter in the microscope (4 X, 8 X, 16 X) 
to control the illumination intensity. The light illumination intensity here has 4 levels: 55300 Lux, 
13810 Lux, 6500 Lux, and 3170 Lux. 100 Lux is background light. The wavelength of green light 
ranges from 510560 nm, and the wavelength of blue light is 450490 nm.  In this system, videos 
were all recorded with the 40X objective and the number of samples per experiment was 30. The 
average velocity was calculated and the entire procedure was repeated six times. The trajectories 
of each individual particle were tracked by using the NIS-Elements AR 4.3 software. A typical 
video is captured with 30 frames per second. The analysis software compares and tracks the 
displacement of each particle on a frame-by-frame basis. After obtaining the tracking trajectories 
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 5 
for each micromotors, the mean square displacement (MSD) after the fixed time interval Δt is 
calculated by the following formula (1): 
(MSD)|(Δt) = ⟨(x(Δt)-x0)2+(y(Δt)-y0)2⟩                                     (1) 
The angle brackets ⟨•⟩ indicate that we calculated the average MSD of 30 particles, and the original 
position of the motor is indicated by the subscript "0", and the particle coordinates in the plane of 
motion after the time interval Δt are represented by x(Δt) and y(Δt).  The result allows us to 
accurately determine the Brownian particle displacement or mean square displacement (MSD) of 
every particle. The propulsion calibration experiments were performed by mixing 2 µL of the 
motors dispersed in deionized water. 
Equipment. XRD patterns were obtained by X-Ray Diffractomer (Bruker D8 Advance, Germany), 
SEM patterns were obtained by Tescan MAIA 3. XPS analyses were performed using X-ray 
photoelectron spectrometer (Escalab 250xi, United States). The analysis of TG was obtained by 
Thermal Gravimetric Analyzer (Netzsch TG 209 F1 Libra, Germany). Visible light was generated 
by Mercury lamp sockets and dichroic mirror DM 400. Barrier filter BA520 was used to generate 
blue light and barrier filter BA590 for green light. Illumination intensities were controlled by ND 
filters (4×, 8×, 16×) (all from Nikon). Videos were captured by an inverted optical microscope 
(Nikon Instrument Inc. Ti-S/L100), coupled with 40× objectives, and a Hamamatsu ORCA-flash 
4.0 LT (C11440) sCMOS digital camera using the NIS-Elements AR 4.3 software. All the 
illumination intensities were calculated by TASI digital light meter TA8120.  
RESULTS AND DISCUSSION 
The Cu2O@N-CNTs micromotors are simply prepared by a one-pot method which is 
repeatable and suitable for mass production. Briefly, in a certain ratio, N-CNTs, copper acetate, 
SDS, sodium hydroxide and glucose are dissolved in an ethanol aqueous solution. The reaction is 
carried out for 30 minutes at 73 °C, and the micro-motors are obtained after washing with DI water 
for 5 times and drying at 60 °C in vacuum. The structure of Cu2O@N-CNTs micromotors are well 
characterized by scanning electron microscope (SEM). As the content of N-CNTs increases, more 
N-CNTs composites were interspersed within the motor. The SEM images of the motors with 
different N-CNTs content ( 0%, 0.91%, 1.72%, and 2.35%)  are shown in the Supporting 
Information. As shown in Figure 2A N-CNTs are well complexed and interspersed in Cu2O 
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 6 
microsphere. X-ray diffraction (XRD) patterns (Figure 2B) further confirm that the motor has 
highly crystalline Cu2O, and inserted SEM image confirms that the particle size distribution of the 
Cu2O@N-CNTs micromotor is uniform and the diameter is about 1.5 m. It is worth noting that 
due to the low content of N-CNTs, no obviously corresponding characteristic peaks are observed 
in XRD results. However, the existence of N-CNTs has been solidly confirmed by SEM and X-
ray photoelectron spectroscopy (XPS). Detailed XPS analysis of the characterization is described 
in the Supporting Information.  
In this system, we have built asymmetric surface chemical reactions on Cu2O@N-CNTs 
particles by the limited penetration depth of light in the as-prepared materials, The products of the 
photoinduced reaction are mainly released from the irradiated side of the particles, thereby 
producing a net product concentration gradient around the particles, further providing the driving 
force for directional propulsion of the motor. The detailed process is schematically illustrated in 
Figure 3A: upon exposure to visible light irradiation on one side of the micromotors, charge 
separation occurs within the Cu2O, causing electrons to migrate from the Cu2O conduction band 
to the N-CNTs. The presence of N-CNTs greatly hinders the charge recombination, which leads 
to strong photocatalytic activity. All the holes and the charges participate in the glucose 
photocatalytic decomposition reaction cycles, forming a product gradient around the motors 
surface, which further propels the micromotors. According to the photocatalytic mechanisms of 
classic metal oxide photocatalysts, the detailed reactions in such systems have been described in 
 
Figure 2. (A) SEM image of single Cu2O@N-CNTs composite micromotor with 1.35% N-CNTs content. 
(B) X-ray Diffraction (XRD) pattern of the Cu2O@N-CNTs micromotors and the inset is SEM image of 
multiple Cu2O@N-CNTs micromotors with 1.35% N-CNTs content. 
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 7 
previous reports (Scheme 1). The products includes arabinose, erythrose, glyceraldehyde, formic 
acid and hydrogen.35, 36  
In order to further clarify the motors’ propulsion mechanism, a series of controlled 
experiments on samples including plain N-CNTs particles, plain Cu2O microspheres, and 
Cu2O@N-CNTs microspheres were systematically performed. Their diameters are all around 1.5 
m. Figure 3B shows that, whether in water or in the glucose solution, under the same wavelength 
of visible light (55300 Lux green light), the plain, non-catalytic N-CNTs particles exhibit similar 
speeds comparable to their inherent Brownian motion in water without light exposure (speed of 
3.54 m/s). These results indicate that such N-CNTs not only lack photocatalytic properties in this 
condition, but also lack an obvious thermo-responsive behavior under such visible light. It should 
also be noted that the light-induced heating of the solution also exhibits negligible effects on the 
Brownian motion of bare N-CNTs particles. In addition, the plain Cu2O particles show enhanced 
propulsion under 55300 Lux green light, where the speed of the motor in pure water increases from 
2.41 m/s  to 3.45 m/s due to the photocatalytic properties of Cu2O. In a 30 mM glucose solution 
under the same light exposure, the speed of the micromotors further increases to 7.15 m/s. These 
results indicate that Cu2O has higher photocatalytic activity in the presence of glucose compared 
to in pure water. These control experiments show that the visible light photocatalytic properties 
 
Scheme 1. Reaction equation for photocatalytic decomposition of glucose by Cu2O@N-CNTs under green 
light. 
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 8 
originate from plain Cu2O. Additionally, no obvious thermo-responsive motions of these Cu2O 
microspheres are observed.  
The Cu2O@N-CNTs micromotors, in a pure water environment without light exposure, also 
exhibit enhanced Brownian motion with a velocity of 4.57 m/s. Under 55300 Lux green light, the 
speed of the motors increase to 6.29 m/s and 18.71 m/s in pure water and 30 mM glucose 
solutions, respectively. Compared with the results of plain Cu2O microspheres, the Cu2O@N-
CNTs motors show a significant velocity improvement under visible light exposure, especially in 
the glucose solutions. Therefore, the dramatically increased propulsion of such Cu2O@N-CNTs 
micromotors in glucose solutions clearly demonstrates that the doped N-CNTs greatly enhance the 
photocatalytic activity of Cu2O. These results further confirm that the propulsion of the Cu2O@N-
CNTs micromotors is primarily due to light induced self-diffusiophoresis.  
In general, diffusiophoresis includes osmophoresis and chemophoresis, which corresponds to 
nonelectrolyte and electrolyte gradients, respectively. In this system, as discussed previously, the 
products contain not only neutral molecules (C5H10O5, C4H8O4, C3H6O3, HCOOH, H2) but also 
cationic and anionic species (HCOO-, H+) produced by the ionization of formic acid. 
Osmophoresis drives fluid flow to the side of the motor with lower species concentration, which 
effectively moves the motors away from the light source. Conversely, chemophoretic movement 
is directed toward higher electrolyte concentrations, which means the motors move towards the 
light source.20 Therefore, there are two opposing possible diffusion mechanisms in this system. In 
 
Figure 3. (A) Schematic of propulsion mechanism of light-driven Cu2O@N-CNTs sphere micromotors. (B) 
Comparison of the velocity of N-CNTs particles, Cu2O spheres and Cu2O@N-CNTs micromotors in different 
concentrations of glucose solution with or without 55300 Lux green light. The corresponding MSD results 
are shown in Supporting Information Figure S2. 
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 9 
order to further confirm which is dominating, we have tested the motors under two green lights (X, 
Y). The lights are parallel with the substrate from two directions. It is obvious from Figures 4A 
and 4B, the motors exhibit apparent negative phototaxis, and their average speeds here are 11.94 
m/s. This result solidly confirms that the propulsion mechanism is dominated by the 
osmophoretic propulsion. Owing to their excellent negative phototactic behavior, the visible light-
driven motors exhibit efficient direction control by light regulation. As shown in Figure 4B, the 
motors are moving towards to the upper right with the light X on and light Y off, and are 
immediately redirected to the upper left with the light X off and light Y on. Such wireless, 
repeatable, and efficient direction control of these motors is critical to applications in targeted 
motor transport.  
In addition to horizontal motion as typically demonstrated with conventional 
micro/nanomotors, such visible light driven micromotors can also exhibit vertical motion under 
high energy visible light Z from below. As Figure 4C illustrates, initially the bottom layer of 
motors are in focus, but when the light Z is turned on, the motors are propelled vertically out of 
 
Figure 4. (A) Schematic of Cu2O@N-CNTs micromotors horizontal motion under two green light which are 
parallel with the substrate from two directions (X, Y). (B) Tracklines of the motors (taken from Video S3). 
Scale bar: 10 μm. (C) Schematic of the vertical motion of a Cu2O@N-CNTs micromotor under blue light (Z) 
vertical to the substrate. (D) The time lapse images of the vertical motion of Cu2O@N-CNTs micromotors 
under blue light (taken from Video S4). Scale bar: 10 μm. (E) Measured velocity of light-induced 3 cyclic 
on/off motion of Cu2O@N-CNTs micromotors. (F) The corresponding trajectory of a Cu2O@N-CNTs 
micromotor (taken from Video S5). Scale bar: 10 μm. 
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focus and the camera must be refocused in the upper layer of the test solution. The time-lapse 
images of the vertical motion are shown in Figure 4D. It can be explained in detail by the 
previously reported photogravitactic mechanism.37 Briefly, when the light energy is above a size-
dependent threshold value,37 it can be used to propel the motors in a vertical direction. The motors 
are lifted-off from the substrate and swim upward and away from the light source. In contrast, 
when the light intensity is less than the threshold value, the motors only show horizontal motion 
as shown in Figure 1, even though the light is still from the bottom and perpendicular to the 
substrate. As a result, the vertically upward motion of Cu2O@N-CNTs micromotors caused by 
high energy light from the bottom further confirms the osmophoresis propulsion mechanism. Such 
attractive micromotors have precise light-controllable three dimensional motion, which holds great 
potential in various practical applications, especially in cargo targeted delivery. 
Furthermore, the as-developed visible light-driven Cu2O@N-CNTs micromotors have unique 
advantages of highly repeatable simple motion control, especially when compared with 
conventional glucose oxidase-based micromotors (which also consume glucose fuel). As Figures 
4E and 4F illustrates, the repeated on/off cycling of visible light illumination induces the activation 
and inactivation of the movement of micromotors reflecting the fast response rate of the 
micromotors upon the visible light irradiation. Strong propulsion of motors is generated by the 
green light exposure, but the motors stop moving immediately when the light is off. This “stop/go” 
propulsion behavior indicates that high reversibility and controllable micromotor motion can be 
simply achieved by switching the visible light irradiation on or off (as shown in Supporting 
Information Video S5).  
Finally, the speed of such attractive Cu2O@N-CNTs based micromotors can be precisely 
controlled by multiple methods: adjusting N-CNTs contents, glucose concentrations or light 
intensities. It is clear from Figure 5A that under a certain condition (55300 Lux green light, 10 
mM glucose solution), when the content of N-CNTs is 1.35%, the speed can reach up to the 
maximum speed of 11.81 m/s, which is double that of a pure Cu2O micromotor. This result can 
be attributed to the excellent conductivity of N-CNTs. Interestingly, when the content of N-CNTs 
is greater than 1.35%, the speed begins to decrease. A possible reason is that the excess N-CNTs 
on the surface hinders the contact of the Cu2O with the green light and suppresses the 
photocatalytic activity. The N-CNTs content of such motors is measured by thermogravimetric 
analysis (the method of calculation is described in detail in Supporting Information).  
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The motor speed control can also be simply realized by adjusting glucose concentration 
(below 30 Mm). Under 55300 Lux visible light, the motors (1.35% N-CNTs) have weak propulsion 
in pure water (around 6.29 m/s). When the glucose concentration increases from 5 mM to 10 mM, 
the speed of micromotors increases from 7.60 m/s to 11.81 m/s. In presence of 30 mM glucose, 
the motor reaches the absolute highest velocity of 18.71 m/s which is 12 times higher than that 
of our previously reported water-fueled micromotors also under visible light with similar 
intensity.38 In addition, such speeds are comparable to the common Pt-based chemically propelled 
micromotors, which require high levels of H2O2 fuel. Trajectories (Figures 5D) over 3 seconds of 
samples in 0, 5, 10, 30 mM glucose solutions under 55300 Lux green light further confirm that the 
motor speed increases with increased glucose concentration.  
 
Figure 5. (A) The measured speed of micromotors with different N-CNTs content. (B) is the trajectories 
(taken from Video S6) over 3 seconds of micromotors with different N-CNTs content (0%, 0.91%, 1.35%, 
1.72% and 2.35%) in 10 mM glucose solution under visible green illumination (55300 Lux). Scale bar: 10 
μm. (C) The velocity of  Cu2O@N-CNTs micromotors (1.35% N-CNTs) in different glucose solutions under 
55300 Lux visible light, and (D) is the corresponding trajectories over 3 seconds of micromotors (taken from 
Video S7). Scale bar: 10 μm. (E) The velocity of Cu2O@N-CNTs composite particles (1.35% N-CNTs) with 
different visible green illumination in 10 mM glucose solution, and (F) is the corresponding trajectories over 
3 seconds of samples (taken from Video S8). Scale bar: 10 μm. The corresponding MSD results of Figure A, 
C, E are shown in Supporting Information Figure S2. 
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The speed regulation of Cu2O@N-CNTs micromotors by adjusting the light intensities (I) in 
a certain concentration (10 mM) glucose solution has been clearly illustrated by Figure 5E. The 
motor average speed is only 4.56 m/s when the green light is turned off, corresponding to 
Brownian motion under the ambient light (100 Lux). When the green light intensity is increased 
to 55300 Lux, the motor speed rapidly increases to 11.81 m/s, which is 2.6 times higher compared 
with that of the motors without green light illumination. The relationship between incident light 
(I) and the flux (φ) is described in equation (1): 
                                                                        =φ
ℎ𝑐
𝜆
                                                                    (1) 
Here, I,φ, h, c, and represent the light intensity, the number of incident photons per second 
per unit area, the Planck's constant (6.626×10-34 J•s), speed of light (3×108 m/s), and the 
wavelength of green light (510~560nm), respectively. As a result, the fluxφ of the photon of 
wavelength λ increases as the intensity I on the micromotor increases, thus the number of photo-
generated holes and electrons in the Cu2O increases, resulting in stronger photocatalytic propulsion.  
CONCLUSIONS  
In summary, we have successfully fabricated Cu2O@N-CNTs based micromotors which can 
be efficiently propelled by fully green energy sources: renewable visible light and the biofuel 
glucose. The propulsion mechanism of such micromotors is self-diffusiophoresis, which has been 
experimentally confirmed. Based on the mechanism, we have demonstrated that a triaxial light 
source is capable of achieving three dimensional motion control with excellent on/off 
characteristics. In addition, the attractive propulsion is comparable to that of Pt-based peroxide-
fueled catalytic micromotors, and can be readily modulated by various approaches: adjusting the 
N-CNTs contents within the micromotors, the glucose concentrations or light intensities. This is 
the first demonstration of using photocatalysis to convert the chemical energy of glucose to 
mechanical energy of a micromotor. Through this method, the upper limit of glucose-fueled 
micromotors’ propulsion has been greatly improved. Such photocatalytic methods are extremely 
efficient, stable and easy operated compared to previously reported enzymatic methods. The 
attractive photocatalytic glucose-fueled micromotors with highly efficient, fully biocompatible 
and flexibly light-regulated characteristics promise a great potential in a wide range of fields. Since 
visible light can't penetrate body tissues, there still be a challenge to apply this system in bio-
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applications. As a result, it is desirable to explore the next generation glucose-fueled micromotors 
which can be powered by infrared radiation (IR). The following efforts will be devoted to 
improving the photocatalytic performance of IR photocatalysts and optimizing the structures of 
motors in order to develop highly efficient IR activated glucose-fueled micro/nanomotors for 
biological or biomedical applications in future. 
ASSOCIATED CONTENT 
Supporting Information. XPS, TG data of as-synthesized Cu2O@N-CNTs micromotors and 
corresponding videos. 
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